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ABSTRACT

This study assesses the accuracy of the theory of critical distances applied in the form of the point method in predicting the static 

strength of 316L stainless steel double- lap shear bolted connections under static tensile loading. Single-  and double- bolt config-

urations were tested using inner plates manufactured from conventional material and from additively manufactured material, 

namely wire arc additive manufacturing and selective laser melting. The additively manufactured plates were assessed in both 

machined and as- built conditions and extracted at different printing orientations. Treating the bolt hole as a stress concentrator, 

linear elastic finite element stress fields were postprocessed to determine the point method effective stress from stress–distance 

curves extracted along different paths relative to the loading direction. The point method, calibrated using an inherent stress 

and a characteristic length estimated from 2- mm- thick conventional notched plates, provided generally good predictions for 

both conventional and additively manufactured plates. However, the prediction accuracy decreased for thicker as- built wire 

arc additively manufactured plates. Recalibrating the point method using wire arc additive manufacturing notched specimens 

with a comparable mean thickness improved the predictions for the thicker wire arc additively manufactured plates; however, 

a nonconservative bias remained. These findings confirm that the point method parameters calibrated using plain and notched 

specimens can be transferred to bolted joint assemblies.

1   |   Introduction

The most common solutions for joining structural steel com-

ponents are welding, bolts, and rivets. These typical connect-

ing methods are robust in ensuring the overall reliability of 

structural assemblies. Nevertheless, the advantage of bolts 

over other solutions is that the structural parts connected by 

bolts can easily be disassembled and then reused. This further 

encouraged researchers in the field to investigate and utilize 

various innovative additive manufacturing (AM) techniques 

for the fabrication of bolted connections, leading to a grow-

ing body of research exploring their structural performance 

and potential applications [1–8]. In addition, these advances 

have opened new possibilities for optimizing structural steel 

connections using AM technologies, allowing for tailored de-

signs that were not feasible with conventional manufacturing 

approaches [9]. For example, topology- optimized wire arc ad-

ditively manufactured (WAAM) bolted head plates  [10] and 

optimized metal AM connections in lightweight steel framing 

[11] have been proposed, highlighting possible future applica-

tions involving complex connection geometries and improved 

stiffness and strength. A recent review has also identified 

metal AM, particularly WAAM, as a promising technology 

for steel construction, especially where large- scale automated 

fabrication, reduced material waste, and the production or 

strengthening of complex structural components are required 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 

provided the original work is properly cited.

© 2026 The Author(s). Fatigue & Fracture of Engineering Materials & Structures published by John Wiley & Sons Ltd.

https://doi.org/10.1111/ffe.70349
https://doi.org/10.1111/ffe.70349
https://orcid.org/0000-0001-7486-6307
mailto:
https://orcid.org/0000-0001-7753-9176
mailto:l.susmel@shu.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fffe.70349&domain=pdf&date_stamp=2026-07-01


2 Fatigue & Fracture of Engineering Materials & Structures, 2026

[12]. However, wider adoption in structural steel applications 

remains limited by challenges associated with defects related 

to the manufacturing process, surface condition, residual 

stresses, anisotropic material behavior, and the lack of struc-

tural design guidance [12]. In a previous work conducted by 

the authors [13], a comprehensive failure behavior examina-

tion was carried out, starting with the assessment of conven-

tionally produced (CON) 316L stainless steel inner plates as 

reference specimens. This was followed by testing inner plates 

produced through AM, specifically using WAAM and selec-

tive laser melting (SLM), in order to evaluate their potential as 

viable alternatives.

As far as design is concerned, evaluating the impact of var-

ious design variables on stress concentration and plate fail-

ure in bolted connections is crucial for ensuring structural 

integrity and durability. Traditionally, this evaluation has 

heavily relied on nonlinear finite element (FE) models [14], 

which offer a detailed and accurate representation of complex 

stress distributions and failure mechanisms under different 

loading conditions. For instance, ductile fracture in bolted 

connections has been numerically simulated using nonlinear 

FE analysis combined with a ductile fracture criterion and a 

damage evolution rule [15]. In contrast, the use of linear elas-

tic models, which simplify bolt holes as stress concentrators 

and treat bolted connections as notched components, has 

not yet been systematically explored. Although linear elastic 

models offer a computationally less demanding solution, they 

can nonetheless provide valuable insights into stress concen-

tration phenomena, provided that the problem is addressed 

using a reliable methodology. To address this knowledge gap, 

the Theory of Critical Distances (TCD) was employed in this 

study to assess the static strength of double- lap shear bolted 

connections within a linear elastic framework. The TCD is a 

set of approaches for predicting fracture at stress or strain con-

centrators of various types using a material- specific critical 

distance, and it provides a practical framework for evaluating 

strength and failure in engineering applications [16].

The TCD postulates that the static strength of notched and 

cracked components can be estimated by directly postprocess-

ing the stress fields near the stress raisers being assessed; under 

Mode I loading, the TCD states that fracture occurs when a crit-

ical distance- related effective stress, �eff, exceeds the material's 

inherent strength, �0 [17–23]. A distinctive feature of the TCD 

is that �eff can be evaluated using a linear elastic constitutive 

law, thereby greatly simplifying the design problem. However, 

material- specific factors influence the relationship between �0 

and the ultimate tensile strength, �UTS. For ductile materials 

with significant plastic deformation preceding final failure, �0 is 

typically higher than �UTS [18]. Brittle and quasi- brittle materials 

generally have �0 approaching �UTS [23].

There are four different ways to determine the effective stress 

according to the TCD, that is, the Point Method (PM), Line 

Method, Area Method, and Volume Method [16]. To apply the 

TCD in the form of either the PM or the Line Method, the first 

step is to define the so- called focus path. The focus path is typi-

cally defined as a straight line emanating from the hot spot (as-

sumed to coincide with the crack initiation point) and aligned 

with the crack propagation direction, that is, the direction expe-

riencing the maximum damage extent [16].

Once the focus path has been defined, in the PM the critical 

stress is taken at a distance equal to L∕2 from the hot spot as-

sociated with the stress/strain concentrator under assessment, 

where L is the TCD material characteristic length (an experi-

mentally determined material length scale). In contrast, the line 

method calculates �eff by averaging the stress along the focus 

path over a length equal to 2L. Finally, the area method and the 

volume method calculate �eff by averaging the stress over a semi-

circular area (with radius ≈ 1.32 L) and a hemispherical volume 

(with radius ≈ 1.54 L), respectively [16].

In this study, the PM was selected because of its simplicity 

and suitability for ductile materials such as 316L stainless 

steel [22, 24]. Following the shear tests, the PM was applied by 

postprocessing the local linear elastic FE stress fields obtained 

from numerical models replicating the bolted connection tests 

on CON inner plates. The stress–distance focus path for the 

PM was defined at the hole midthickness edge within the hot 

spot region, centered on the experimentally observed crack ini-

tiation location in the tested inner plates. To account for the 

observed variation in crack paths, stress–distance curves were 

extracted from the initiation point along three directions: per-

pendicular, diagonal, and parallel to the loading direction, and 

the PM predictions were evaluated for each path. Additionally, 

the path most closely aligned with the experimentally observed 

crack direction was identified and used for comparison.

The values of L and �0 were first calibrated from two notched 

specimens manufactured from the same material as the CON 

plates, following the standard procedure described in detail in 

Section 4.2. These material constants were then used in con-

junction with the PM to postprocess the FE models of the CON 

inner plates. The same L–�0 pairing was subsequently applied 

to the FE models of inner plates produced by WAAM and 

SLM to assess transferability across manufacturing methods. 

A further assessment was performed for the as- built WAAM 

(WAAM- AB) inner plates by calibrating an additional L–�0 

pairing using WAAM notched specimens with a comparable 

mean thickness.

2   |   Reference Experiments

This section presents the material properties, design, and key 

results from an experimental program discussed in detail in Ref. 

Summary

• TCD point method predicts the static strength of 316L 
bolted joints well.

• Consistent accuracy for conventional and AM plates 
of similar thickness.

• FE- based stress fields enable robust and reliable TCD 
assessments.

• Recalibration enhances accuracy for WAAM plates 
across configurations.
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[13]. The key goal of this initial experimental investigation was 

to perform a detailed failure analysis of bolted joints contain-

ing both conventional and AM plates. These results will then be 

used in the following sections of the paper as a basis for assess-

ment via TCD.

Prior to testing the bolted specimens, a series of coupon tests 

was conducted in accordance with ASTM E8/E8M [25], cov-

ering both CON specimens and AM specimens produced by 

WAAM and SLM. The coupons were tested in both machined 

and as- built conditions. For WAAM specimens, surface undu-

lations and different extraction orientations were considered, 

whereas for SLM specimens, the effect of deposition direction 

was evaluated. The key mechanical properties of the tested 

materials, including elastic modulus, E, yield stress, �0.2, and 

ultimate tensile stress, �UTS, are summarized in Table 1. In the 

specimen designations, M refers to machined, and AB indi-

cates as- built. The reported angle specifies the orientation of 

the specimen relative to the deposition or extraction direction. 

It can be noted from Table 1 that some modulus of elasticity, 

E, values are relatively low. As discussed in detail in [13], the 

comparatively low E values measured for some AM specimens 

were mainly associated with manufacturing- related effects 

and specimen orientation.

The experimental setup and procedures for the double- lap 

shear tests are described below. Each connection consisted of 

two 2- mm- thick inner test plates and two 4- mm- thick outer 

plates, assembled using fully threaded grade 10.9 M6 high- 

strength bolts. The bolt holes had a diameter of 6.6 mm to pro-

vide adequate clearance. The increased thickness of the outer 

plates was intended not only to withstand the applied loads 

but also to minimize secondary bending during testing and 

ensure that failure occurred in the inner plates, which were 

the primary focus of the investigation. For the WAAM- AB 

plates, non- threaded grade 12.9 M8 bolts were used instead, 

with the hole size increased to 8.4 mm, and the outer plate 

thickness increased to 8 mm to accommodate the larger bolts 

and the increased mean thicknesses and surface undulations. 

For the SLM specimens, the designation M indicates that the 

rough surface was removed by machining, without altering 

the overall thickness. The test setup is illustrated in Figure 1, 

whereas the design details and the measured failure capacities 

for each configuration are summarized in Table 2 and Table 3 

[13]. In these tables, the notation IP in the designation column 

refers to the inner plates: IP1 indicates plates tested in the 

single- bolt configuration, whereas IP2 denotes plates tested in 

the double- bolt configuration. The number that follows each 

designation identifies the specific specimen, corresponding 

to its unique set of geometrical variables. Similar to the cou-

pons, additional identifiers specify the manufacturing method 

(CON, WAAM, or SLM) and, for AM plates, the deposition/

extraction direction (e.g., 0° or 90°).

3   |   Observed Cracking Behavior and Definition of 
the TCD Focus Paths

The location of crack initiation and propagation directions was 

identified by post- test inspection of CON, WAAM, and SLM 

specimens [13]. In all cases, the crack initiation occurred at 

the bolt hole edge on the loaded side within the bearing zone, 

where the bolt- to- hole contact produces localized damage and 

the highest stress concentration (Figure 2a–c). For CON plates, 

crack propagation typically followed the weakest ligament 

defined by the specimen geometry and relative dimensions, 

producing mainly straight tearing paths either parallel or per-

pendicular to the loading direction. Accordingly, the crack 

direction was not random but largely governed by the geomet-

rical design of the specimen, which determined the weakest 

ligament and in turn led to well- defined, typical failure modes 

and tearing paths. For WAAM plates, cracking could deviate 

from this tendency, with several specimens additively manu-

factured at raster angles of 45° and 60° exhibiting a diagonal 

TABLE 1    |    Mechanical properties from coupon tests [13].

Designation

Modulus of elasticity, 

E (GPa)

Offset yield stress, 

�0.2 (MPa)

Ultimate stress, 

�UTS (MPa)

CON 184 488 667

WAAM- M- 0° 143 288 521

WAAM- M- 45° 185 324 552

WAAM- M- 60° 160 297 530

WAAM- M- 90° 103 281 562

WAAM- AB- 0° 124 278 493

WAAM- AB- 45° 119 282 544

WAAM- AB- 60° 139 323 566

WAAM- AB- 90° 91 273 493

SLM- AB- 0° 160 520 627

SLM- AB- 45° 126 422 562

SLM- AB- 90° 120 419 554

 1
4

6
0

2
6

9
5

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/ffe.7

0
3

4
9

 b
y

 U
N

IV
E

R
S

IT
Y

 O
F

 S
H

E
F

F
IE

L
D

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

9
/0

7
/2

0
2
6
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o

v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n

s L
icen

se



4 Fatigue & Fracture of Engineering Materials & Structures, 2026

crack trajectory. This is attributed to the WAAM layer mor-

phology and its orientation relative to the loading direction, 

which can guide crack growth and promote inclined propaga-

tion. In contrast, the SLM specimens showed cracking behav-

ior more consistent with that of the CON specimens, with the 

crack initiation location and propagation direction remaining 

broadly similar across the tested configurations and showing 

minimal sensitivity to surface condition and print direction. 

Based on the observed cracking behavior, three representative 

focus paths were considered for each specimen in the TCD 

analyses discussed below: perpendicular, diagonal, and paral-

lel. The link between the observed cracking behavior and the 

focus path directions is illustrated schematically in Figure 2d.

4   |   Application of the TCD

4.1   |   Methodology

In the standard formulation of the PM, once the material's char-

acteristic length, L, and the focus path are determined, the effec-

tive stress, �eff, is defined as the stress value located at a distance 

of L∕2 from the tip of the notch or crack being assessed [18, 26] 

(Figure 3a,b):

 In Definition (1), �VM is von Mises equivalent stress, whereas � 

and r are polar coordinates. Von Mises stress was employed in 

this study since previous work reported that, for ductile materi-

als modeled by using a linear elastic constitutive law, it provides 

more accurate predictions than Tresca's criterion and the max-

imum principal stress criterion [20]. The characteristic length, 

L, can directly be estimated via the following well- known 

definition:

with KIC being the plane strain fracture toughness, which is rec-

ommended to be determined experimentally in accordance with 

ASTM E399 [28].

As defined by Equation  (2), determining the value of L is 

straightforward only when the inherent material strength, 

�0, is assumed equal the ultimate tensile strength, �UTS, and 

the value of KIC is available. If this condition is not satisfied, 

a well- established alternative approach consists of calibrating 

the parameters from experimental results obtained by testing 

specimens containing notches of different sharpness [18]. This 

procedure is illustrated in Figure 3. According to the PM ar-

gument, the intersection point of two linear elastic stress–dis-

tance curves at incipient failure, derived from tests on notches 

of different sharpness, allows the direct estimation of �0 and 

L. The procedure summarized in Figure  3c was used in the 

present investigation to determine L.

4.2   |   Characterization of �0 and L via 
the Two- Notch Approach

Two U- notched specimens were prepared using CON 316L 

stainless steel: one with a sharp notch with root radius, rn, equal 

to 0.5 mm and the other with a blunt notch with rn = 1.5 mm, 

as shown in Figure  4. Uniaxial tensile tests were conducted 

with a displacement rate of 1 mm/min. Two global load–dis-

placement curves for the representative sharp notch test and 

the blunt notch test are shown in Figure 5a,b. These tests were 

followed by linear elastic three- dimensional FE simulations 

performed using FE commercial software ANSYS Mechanical 

[29]. The elastic modulus, E = 184 GPa, obtained from the CON 

coupon tests was used in the numerical analyses. Each speci-

men type was then modeled by progressively refining the mesh 

in the vicinity of the notch tip until convergence was achieved. 

The linear elastic stress–distance curves (in terms of von Mises 

equivalent stress) along the notch bisectors at the incipient fail-

ure condition were then extracted for both specimens. These 

curves were then combined (see Figure 5c), and the values of 

(1)�eff = �VM

(

� = 0, r =
L

2

)

.

(2)L =

1

�

(

KIC
�0

)2

FIGURE 1    |    Test setup for double- lap shear bolted connections, illustrating the two- bolt configuration.
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�0 and L/2 at the intersection were determined to be 1441 MPa 

and 0.22 mm, respectively. The obtained value of �0 is about 

twice the ultimate tensile stress, �UTS = 667 MPa, measured 

from the CON 316L stainless steel coupon tests. The obtained 

ratio between �0 and �UTS, of about 2, is consistent with the ob-

servations reported in David Taylor's book [16]. The values of 

�0 and L/2 obtained through this procedure were then used in 

the TCD assessment of the bolted connections.

TABLE 2    |    Design details and ultimate load capacities of inner plates with single- bolt configuration [13].

Designation

Thickness, 

t (mm)

End distance, 

e1 (mm)

Edge distance, 

e2 (mm)

Breadth, 

b (mm)

Experimental 

ultimate load, 

FExp (kN)

IP1- 1- CON 2 14 15 30 18.8

IP1- 2- CON 2 13 15 30 18.1

IP1- 3- CON 2 11 15 30 15.7

IP1- 4- CON 2 8 15 30 11.3

IP1- 5- CON 2 15 8 16 12.0

IP1- 1- WAAM- M- 0° 2 14 15 30 18.4

IP1- 1- WAAM- M- 45° 2 14 15 30 19.2

IP1- 1- WAAM- M- 60° 2 14 15 30 18.5

IP1- 1- WAAM- M- 90° 2 14 15 30 17.8

IP1- 2- WAAM- M- 0° 2 14 15 30 16.9

IP1- 2- WAAM- M- 45° 2 14 15 30 19.0

IP1- 2- WAAM- M- 60° 2 14 15 30 18.1

IP1- 2- WAAM- M- 90° 2 14 15 30 16.2

IP1- 3- WAAM- M- 0° 2 11 15 30 15.0

IP1- 4- WAAM- M- 0° 2 8 15 30 11.2

IP1- 1- WAAM- AB- 0° 5.4 14 15 30 44.3

IP1- 2- WAAM- AB- 0° 5.4 13 15 30 40.8

IP1- 2- WAAM- AB- 45° 5.3 13 15 30 41.6

IP1- 2- WAAM- AB- 60° 5.2 13 15 30 38.0

IP1- 2- WAAM- AB- 90° 5.2 13 15 30 41.6

IP1- 3- WAAM- AB- 0° 5.3 11 15 30 33.6

IP1- 4- WAAM- AB- 0° 5.4 8 15 30 23.8

IP1- 5- WAAM- AB- 0° 5.2 15 8 16 22.6

IP1- 5- WAAM- AB- 45° 5.4 15 8 16 23.9

IP1- 5- WAAM- AB- 60° 5.3 15 8 16 20.5

IP1- 5- WAAM- AB- 90° 5.3 15 8 16 23.0

IP1- 1- SLM- M- 0° 2 14 15 30 18.5

IP1- 1- SLM- AB- 0° 2 14 15 30 18.7

IP1- 2- SLM- AB- 0° 2 13 15 30 18.3

IP1- 2- SLM- AB- 45° 2 13 15 30 18.7

IP1- 2- SLM- AB- 90° 2 13 15 30 17.5

IP1- 5- SLM- AB- 0° 2 15 8 16 11.6

IP1- 5- SLM- AB- 45° 2 15 8 16 11.1

IP1- 5- SLM- AB- 90° 2 15 8 16 10.7
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TABLE 3    |    Design details and ultimate load capacities of inner plates with double- bolt configuration [13].

Designation

Thickness, 

t (mm)

End 

distance, 

e1 (mm)

Edge 

distance, 

e2 (mm)

Horizontal 

pitch 

distance, 

ph (mm)

Breadth, 

b (mm)

Experimental 

ultimate load, 

FExp (kN)

IP2- 1- CON 2 12 12 16 40 27.3

IP2- 2- CON 2 11 12 16 40 26.6

IP2- 3- CON 2 8.2 12 16 40 23.1

IP2- 4- CON 2 8 12 16 40 23.0

IP2- 5- CON 2 7 12 16 40 21.1

IP2- 6- CON 2 16 8 24 40 30.4

IP2- 7- CON 2 15 11 18 40 32.1

IP2- 1- WAAM- M- 0° 2 12 12 16 40 26.3

IP2- 1- WAAM- M- 45° 2 12 12 16 40 27.4

IP2- 1- WAAM- M- 60° 2 12 12 16 40 26.8

IP2- 1- WAAM- M- 90° 2 12 12 16 40 25.3

IP2- 2- WAAM- M- 0° 2 11 12 16 40 27.3

IP2- 3- WAAM- M- 0° 2 8.2 12 16 40 23.8

IP2- 3- WAAM- M- 45° 2 8.2 12 16 40 24.4

IP2- 3- WAAM- M- 60° 2 8.2 12 16 40 23.3

IP2- 3- WAAM- M- 90° 2 8.2 12 16 40 21.6

IP2- 4- WAAM- M- 0° 2 8 12 16 40 23.1

IP2- 5- WAAM- M- 0° 2 7 12 16 40 20.7

IP2- 7- WAAM- M- 0° 2 8.2 12 16 40 31.4

IP2- 2- WAAM- AB- 0° 5.5 11 12 16 40 57.0

IP2- 3- WAAM- AB- 0° 5.6 8.2 12 16 40 49.5

IP2- 3- WAAM- AB- 45° 5.2 8.2 12 16 40 47.7

IP2- 3- WAAM- AB- 60° 5.5 8.2 12 16 40 48.9

IP2- 3- WAAM- AB- 90° 5.3 8.2 12 16 40 44.9

IP2- 4- WAAM- AB- 0° 5.0 8 12 16 40 47.6

IP2- 5- WAAM- AB- 0° 5.3 7 12 16 40 43.7

IP2- 6- WAAM- AB- 0° 5.4 16 8 24 40 70.8

IP2- 6- WAAM- AB- 45° 5.0 16 8 24 40 62.8

IP2- 6- WAAM- AB- 60° 5.3 16 8 24 40 61.8

IP2- 6- WAAM- AB- 90° 5.0 16 8 24 40 61.7

IP2- 7- WAAM- AB- 0° 5.4 8.2 12 16 40 70.8

IP2- 7- SLM- M- 0° 2 15 11 18 40 31.7

IP2- 6- SLM- AB- 0° 2 16 8 24 40 31.1

IP2- 6- SLM- AB- 45° 2 16 8 24 40 31.6

IP2- 6- SLM- AB- 90° 2 16 8 24 40 30.6

IP2- 7- SLM- AB- 0° 2 15 11 24 40 33.5
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7Fatigue & Fracture of Engineering Materials & Structures, 2026

FIGURE 2    |    Representative experimentally observed failures for selected (a) SLM and (b, c) WAAM specimens, showing the crack initiation point 

at the bolt hole edge (red circles) and the resulting crack paths [13]; (d) corresponding TCD focus paths from the crack initiation point relative to the 

loading direction. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3    |    Illustration of the point method (PM): (a) local polar coordinates, (b) effective stress evaluation at a distance L∕2 from the notch root, 

and (c) determination of �0 and L from the intersection of the linear elastic stress curves for two notch types. (a) and (b) are adapted from [27], whereas 

(c) is adapted from [18]. [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b) (c)
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To enable a further assessment under matching AM conditions, 

the same two- notch calibration procedure was also applied to 

WAAM- AB material. Two notched WAAM- AB plates, with the 

same dimensions as those of CON notched specimens, were 

tested. The specimens were extracted and tested only in the 0° 

direction. The mean measured thickness was 5.3 mm for the 

plate containing the blunt notch and 5.2 mm for the plate with 

the sharp notch.

The corresponding global load–displacement curves for the 

sharp and blunt notched specimens are shown in Figure 6a,b, 

respectively. The FE- derived stress–distance curves are reported 

in Figure  6c, from which the values of �0 and L/2 were esti-

mated to be approximately 1345 MPa and 0.31 mm, respectively. 

Because of limited material availability, only two AM specimens 

could be tested. Although this did not allow any statistical as-

sessment of variability, it was nevertheless possible to obtain an 

approximate estimate of the above parameters. The resulting 

ratio of �0 and �UTS is also higher than that obtained for the CON 

material, ranging from approximately 2.4 to 2.7 based on the 

WAAM- AB ultimate tensile stress values reported in Table  1. 

However, this range is considered reasonable, because the ratio 

of �0 and �UTS is expected to increase from unity for a fully brittle 

material as material ductility increases. Therefore, the value of 

approximately 2 reported by Taylor [16] should be regarded as 

a reference value rather than a fixed limit. The higher ratio ob-

tained for the WAAM- AB specimens may also be influenced by 

the specific as- built morphology of the material, including sur-

face undulations and local geometric irregularities.

4.3   |   Finite Element Model Setup for Bolted 
Connections

The linear elastic stress fields in the vicinity of the bolt holes were 

obtained from three- dimensional FE models developed in ANSYS 

Mechanical (see Figure  7a,b) [29]. The reason for adopting 3D 

models was that, as mentioned in the previous section, the stress 

analysis was carried out in terms of von Mises equivalent stress. 

Accordingly, the relevant stress fields and the corresponding 

stress–distance curves were determined at the midsection of the 

tested plates, that is, at those sections experiencing the highest de-

gree of stress triaxiality (although this remained limited due to the 

small thickness of the plates).

Initially, a standard detailed contact- based assembly model was 

adopted to replicate the experimental configuration as closely 

as practicable and to verify the sensitivity of the near- hole stress 

field to modeling assumptions. The model comprised the com-

plete plate–bolt–nut assembly, with all interfaces represented 

through contact definitions. The IP1- 1- CON configuration was 

used as the base model for the sensitivity studies on friction and 

mesh refinement. By using the assembly tool available in ANSYS 

[29], these components were combined into a full model without 

merging, enabling the specification of contact interactions. All 

relevant interfaces were defined as frictional, except between 

the bolt and nut, where a bonded contact was applied. This 

choice corresponded to the experimental setup, where a mini-

mal tightening torque was used to align the plates and restrict 

movement in directions other than the applied load. Therefore, 

FIGURE 4    |    Geometrical dimensions of the notched specimens (in millimeters): (a) sharp notch and (b) blunt notch.
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9Fatigue & Fracture of Engineering Materials & Structures, 2026

in the model, this bonded bolt–nut definition both prevented 

slip at the interface and provided adequate clamping without 

the need to model minimal bolt preload. This reduced unneces-

sary detail in the connection representation and ensured stable 

analysis, as the study focused on plate stress distribution rather 

than detailed preload behavior. The friction coefficient, �, was 

investigated through a sensitivity study comparing � = 0.15, 

0.20, and 0.25, which showed mean �VM differences below 1.7% 

over the stress–distance range from the edge of the inner plate 

hole. Because of the limited variability observed in the sensitiv-

ity study, and consistent with earlier FE studies on steel bolted 

joints [30, 31], the value of � was taken as 0.20 for all models. The 

bolt shanks were designed as smooth cylinders with diameters 

equal to the nominal size, and the clearance between bolts and 

holes was omitted to avoid introducing contact errors. This sim-

plification was adopted to obtain a stable and repeatable local 

stress field for the TCD assessment, although it may affect the 

initial bearing contact, local load transfer, and near- hole stress 

distribution.

As shown in Figure 7c, the mesh refinement tool was applied 

directly to the bolt hole edges. The circular geometry enabled 

the generation of a uniform, radially distributed fine mesh with-

out the need for bias lines. A mesh sensitivity study was con-

ducted on the IP1- 1- CON inner plate model, with global element 

sizes of 1.2, 1.0, and 0.8 mm. The 0.8- mm mesh significantly 

increased computational time with only a 0.3% mean change 

in �VM over the stress–distance range between 1.0-  and 0.8- mm 

mesh sizes. Therefore, a global element size of 1.0 mm was ad-

opted, which, after local refinement, reduced the element size to 

approximately 0.3 mm around the holes. The outer plates, bolts, 

and nuts were meshed with a 2.0- mm element size.

FIGURE 5    |    Load–displacement curves for the CON notched specimens with a uniform thickness of 2 mm. (a) Sharp notch and (b) blunt notch; 

(c) corresponding FE stress–distance curves.
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Although the detailed contact- based assembly model provided 

a rigorous representation of the experimental configuration, it 

required long run times, which would have made processing 

the full dataset inefficient. A simplified model was therefore im-

plemented to achieve a substantial reduction in run time while 

retaining the accuracy required for the TCD- based assessment. 

The simplified model (see Figure 8) consisted of a single inner 

plate with a cylindrical solid inserted through the bolt hole to 

represent the bolt shank. The frictional contact between the 

shank and the plate was kept at 0.2. The shank end faces were 

fully fixed, and the end face of the plate was subjected to the ex-

perimental load. The shank was extended by 1 mm beyond both 

plate faces so that the boundary conditions were applied away 

from the hole edge, avoiding artificial surface stress spikes and 

allowing a representative stress field through the hole thickness 

to develop.

Stress–distance curves were extracted through the plate 

midthickness along three paths relative to the loading direction: 

perpendicular, diagonal, and parallel (Figure 2d). For each path, 

the origin was defined at the experimentally observed crack ini-

tiation point on the hole edge, which was consistent with the 

FE hot spot corresponding to the maximum stress location. 

A direct comparison of the equivalent von Mises stress, �VM, 

along each path showed very close agreement between the full 

and simplified FE models (Figure 9). Along the perpendicular 

path, the simplified model differed from the full model at L/2 

by only about 0.3%. Similar differences were observed for the 

other directions, with �VM(L/2) differing by 0.3% for the diagonal 

path and by 1.0% for the parallel path. When averaged over a 

distance equal to L, the mean difference between the simplified 

and full models remained below 1% for all three focus path di-

rections, with an overall mean absolute difference of about 0.6%. 

FIGURE 6    |    Load–displacement curves for the WAAM- AB notched specimens. (a) Sharp notch and (b) blunt notch; (c) corresponding FE stress–

distance curves.

(a) (b)

(c)
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This simplified model therefore eliminates most of the contact- 

related complexity and reduces the run time by approximately 

83% while preserving the governing stress fields. Accordingly, 

the simplified numerical approach was thus adopted for all sub-

sequent models.

Using the focus path definition introduced in Section  3 

(Figure  2d), stress–distance curves for each specimen were 

extracted at the plate midthickness. The predicted hot spot 

was consistently located at the loaded hole edge, in good 

agreement with the experimentally observed crack initiation 

point. For each specimen, this experimentally identified point 

was therefore selected as the origin of the TCD focus paths. 

Figure 10 shows the corresponding FE contours for represen-

tative specimen cases, illustrating that this experimentally 

identified point lies within the hot spot location. The resulting 

effective stress, �eff, and the corresponding PM prediction ac-

curacy were compared for each path. This will be discussed in 

the next sections.

4.4   |   TCD- PM Assessment of CON Inner Plates

Following the results of Section 4.2, where the values of �0 and L 

were determined using the standard two- notch approach based 

on two CON specimens containing sharp and blunt notches, the 

predictive accuracy of the PM was assessed initially for the CON 

inner plates. The PM was applied to the corresponding stress–

distance curves to evaluate the signed relative prediction error 

defined as follows:

FIGURE 7    |    A full 3D finite element model of the double- bolted con-

nections: (a) front view, (b) side view, and (c) inner plate's tetrahedral 

mesh with a zoom into the refinement around the holes. [Colour figure 

can be viewed at wileyonlinelibrary.com]

(a) (b)

(c)

FIGURE 8    |    Simplified model showing a single inner plate with a cy-

lindrical bolt shank inserted through the hole: (a) front view and (b) side 

view. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9    |    Comparison of the full and simplified FE models for 

IP1- 1- CON: (a) perpendicular, (b) diagonal, and (c) parallel paths.

(a)

(b)

(c)
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A representative example for the CON inner plates' plots (IP2- 

1- CON) is shown in Figure  11. The results, summarized in 

Table  4, report the crack path orientation predicted from the 

failure mode according to BS EN 1993- 1- 8 (hereafter referred to 

as EC3- 1- 8) [32], the experimentally observed crack paths, and 

the stress–distance results obtained from the perpendicular, di-

agonal, and parallel focus paths. The values corresponding to 

the observed crack paths are highlighted in dark gray. Across all 

CON plates, the extraction path parallel to the loading direction 

consistently produced the highest effective stress, �eff. This is 

largely in agreement with both the EC3- 1- 8 predictions [32] and 

the observed crack paths (Table 4).

The overall accuracy of the PM associated with the considered 

focus paths was assessed in terms of the mean absolute error 

(MAE), defined as follows:

where n is the number of estimates. Based on the error index, 

the perpendicular path provided the highest level of accuracy 

with a combined MAE across all single-  and double- bolt config-

urations of 8.0%, outperforming the diagonal path with an MAE 

of 9.1% and the parallel path with an MAE of 12.8%. However, 

the perpendicular direction showed a slightly higher tendency 

toward nonconservative predictions, particularly for several 

double- bolted configuration specimens. It was also evident that 

selecting the extraction direction to match the observed crack 

propagation direction did not improve the overall accuracy 

(combined MAE = 8.7%), relative to using the perpendicular 

direction.

Regarding the obtained accuracy as a function of the adopted focus 

path, it is important to note that the TCD generally provides esti-

mates that fall within an error interval of ±20% [18, 21]. Because, 

apart from a small number of outliers, most results across all di-

rections lie within this ±20% error band (Table 4), this indicates 

that the differences between the effective stresses associated with 

the three potential directions fall within the intrinsic accuracy of 

the TCD. This suggests that the most appropriate way to apply the 

TCD is to identify the focus path associated with the maximum 

damage extent, which generally returns a crack propagation direc-

tion that is well aligned with the one identified using the EC3- 1- 8 

standard approach [32] (Table 4).

Turning back to the calibration of the TCD, the relatively low 

MAE suggests that the values of �0 and L derived from idealized 

CON notched specimens are adequate for the CON inner plate 

connections, despite the greater complexity of the local stress dis-

tributions characterizing the tested bolted specimens. That said, 

coupon tests showed that the material properties differ between 

manufacturing procedures, and AM- specific process and surface 

conditions were found to influence crack propagation in WAAM 

specimens extracted in the diagonal direction [13]. Therefore, the 

applicability of the adopted �0–L pairing to inner plates manufac-

tured by WAAM and SLM deserves to be explored in detail. This 

will be addressed in the following section.

4.5   |   TCD- PM Assessment of WAAM and SLM 
Inner Plates Using the �0–L Pairing Calibrated From 
CON Notched Specimens

This section examines the accuracy of the PM, calibrated 

using the �0 and L values obtained from the CON notched 

specimens, in estimating the static strength of bolted joints 

containing additively manufactured inner plates. This vali-

dation exercise is particularly challenging, since the PM was 

used to postprocess the results from FE models in which the 

material was modeled as homogeneous and isotropic, that is, 

without accounting for the manufacturing direction in the 

stress analysis.

Representative stress–distance plots are shown in Figure 12 for 

the 2- mm AM plates, including machined WAAM (WAAM- M), 

machined SLM (SLM- M), and as- built SLM (SLM- AB). Figure 13 

(3)Relative prediction error (%) =
�eff − �0

�0

× 100.

(4)MAE(%) =
1

n

n∑

i= 1

||Relative prediction errori||

FIGURE 10    |    The corresponding FE equivalent von Mises stress 

contours for representative specimen cases. The “Max” label indicates 

the location of the maximum �VM and is shown for reference, whereas 

the red circles mark the experimentally observed crack initiation point 

at the bolt hole edge. [Colour figure can be viewed at wileyonlinelibrary.

com]

FIGURE 11    |    Application of the TCD- PM to the stress–distance 

curves extracted along different focus path directions for representative 

CON inner plate.
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TABLE 4    |    Accuracy of TCD- PM applied to the CON inner plates (BT: block tearing; EB: edge bearing; NST: net section tension); the dark gray highlighted values indicate the results corresponding to 

the experimentally observed crack path for each specimen.

Predicted crack path 

according to EC3- 1- 8 Perpendicular path direction Diagonal path direction Parallel path direction

Designation

Failure mode/

crack path Actual crack path

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

IP1- 1- CON EB/parallel Parallel 1769 22.8 1758 22.0 1868 29.6

IP1- 2- CON EB/parallel Perpendicular 1721 19.4 1682 16.7 1759 22.1

IP1- 3- CON EB/parallel Parallel 1598 10.9 1571 9.0 1664 15.4

IP1- 4- CON EB/parallel Parallel 1357 −5.8 1335 −7.3 1420 −1.5

IP1- 5- CON NST/perpendicular Perpendicular 1373 −4.7 1562 8.1 1642 14.0

IP2- 1- CON BT/perpendicular 

& parallel

Perpendiculara 1406 −2.5 1489 3.3 1568 8.8

IP2- 2- CON BT/perpendicular 

& parallel

Perpendiculara 1376 −4.5 1473 2.2 1567 8.8

IP2- 3- CON EB/parallel Parallel 1390 −3.5 1408 −2.3 1557 8.0

IP2- 4- CON EB/parallel Perpendiculara 1408 −2.3 1403 −2.7 1482 2.8

IP2- 5- CON EB/parallel Parallel 1365 5.3 1356 −5.9 1463 1.5

IP2- 6- CON NST/perpendicular Perpendicular 1514 5.1 1689 17.2 1770 22.9

IP2- 7- CON BT/perpendicular 

& parallel

Perpendiculara 1582 9.8 1628 12.9 1704 18.2

aThe visible crack initiation/propagation is between the holes.
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presents the corresponding plots for the as- built WAAM 

(WAAM- AB) plates. The associated TCD prediction results are 

summarized in Table 5 for the 2- mm AM plates and in Table 6 

for the WAAM- AB plates.

In terms of predictive performance for the 2- mm AM plates, the 

diagonal direction produced the lowest error, with an MAE of 

11.7%, closely followed by the perpendicular direction with an 

MAE of 11.8%, whereas the parallel direction showed a higher 

error, with an MAE of 15.7%. Consistent with the CON as-

sessment, the perpendicular direction exhibited the strongest 

tendency toward nonconservative predictions. In addition, se-

lecting the extraction direction to follow the observed crack path 

slightly lowered the overall accuracy, giving an MAE of 12.9%. 

Furthermore, it was evident that a small number of prediction 

errors across all paths fall outside the ± 20% interval, with the 

outliers predominantly positive, indicating conservative pre-

dictions. Compared with the CON plates, the 2- mm AM results 

show a modest increase in error. However, the level of accu-

racy remains comparable, indicating that the CON calibrated 

TCD- PM provides an acceptable prediction for AM inner plates 

of matched thickness.

In contrast, the WAAM- AB plates with thicknesses exceed-

ing 2 mm showed a reduction in accuracy. The MAE exceeded 

the 20% threshold for both the perpendicular and diagonal 

extraction paths, reaching 21.9% and 20.8%, respectively. 

Although the parallel path showed a slightly lower MAE of 

18.4%, all predictions remained nonconservative. A further 

increase in error was observed for the double- bolt configura-

tions, with MAE rising from 18.6%, 17.5%, and 14.6% for IP1 to 

24.9%, 23.8%, and 21.9% for IP2 in the perpendicular, diagonal, 

and parallel paths, respectively, confirming an evident effect of 

joint configuration in the as- built plates. When the extraction 

path corresponding to the experimentally observed crack path 

was considered, the resulting MAE was approximately 21.1%.

Overall, the accuracy in estimating the static strength of bolted 

joints containing AM plates was found to decrease. This re-

duction can be attributed to two main factors: first, AM metals 

exhibit mechanical properties and microstructural/mesostruc-

tural morphologies that differ from those of their convention-

ally manufactured counterparts, leading to different values 

of the TCD material constants; second, the FE models did not 

explicitly account for the microstructural/mesostructural vari-

ations associated with the AM process. This is particularly 

evident for the WAAM- AB plates, where the as- built surface 

condition induces local geometric irregularities that, together 

with the anisotropic material response arising from the AM 

micro/meso- structural morphology, may influence the local 

process zone ahead of the crack initiation region. These fea-

tures are not explicitly represented in the simplified linear elas-

tic FE models, which treat the material as homogeneous and 

isotropic and idealize the local geometry around the bolt hole. 

Therefore, the remaining nonconservatism should not be inter-

preted as a thickness effect alone, but rather as a consequence 

of the WAAM- AB morphology and its associated anisotropic 

material behavior not being fully captured by the adopted FE/

TCD framework. Nevertheless, despite these complexities and 

modeling limitations, the accuracy obtained using TCD param-

eters calibrated from conventionally manufactured material 

remains remarkable, with prediction errors still close to the 

typical ±20% range commonly observed when the TCD is ap-

plied to a variety of structural integrity problems [18, 21].

FIGURE 12    |    TCD- PM applied to the stress–distance curves ex-

tracted along different focus path directions for AM inner plates with 

a consistent thickness of 2 mm; (a) IP1- 1- WAAM- M- 0°, representing 

a single- bolted inner plate, and (b) IP2- 7- SLM- M- 0°, representing a 

double- bolted inner plate.

(a)

(b)

FIGURE 13    |    TCD- PM applied to the stress–distance curves extract-

ed along different focus path directions for WAAM- AB inner plates 

with thicknesses greater than 2 mm; (a) IP1- 1- WAAM- AB- 0°, represent-

ing a single- bolted inner plate, and (b) IP2- 7- WAAM- AB- 0°, represent-

ing a double- bolted inner plate.

(a)

(b)
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TABLE 5    |    Accuracy of TCD- PM applied to the AM inner plates with a consistent thickness of 2 mm (BT: block tearing; EB: edge bearing; NST: net section tension); the dark gray highlighted values 

indicate the results corresponding to the experimentally observed crack path for each specimen.

Predicted crack 

path according 

to EC3- 1- 8

Perpendicular 

path direction Diagonal path direction Parallel path direction

Designation

Failure mode/

crack path Actual crack path

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

IP1- 1- WAAM- M- 0° EB/parallel Parallel 1737 20.6 1718 19.2 1816 26.1

IP1- 1- WAAM- M- 45° EB/parallel Diagonal 1807 25.4 1786 23.9 1890 31.2

IP1- 1- WAAM- M- 60° EB/parallel Diagonal 1744 21.1 1725 19.7 1825 26.6

IP1- 1- WAAM- M- 90° EB/parallel Parallel 1691 17.4 1673 16.1 1767 22.6

IP1- 2- WAAM- M- 0° EB/parallel Parallel 1614 12.0 1579 9.6 1649 14.5

IP1- 2- WAAM- M- 45° EB/parallel Diagonal 1803 25.2 1763 22.4 1843 27.9

IP1- 2- WAAM- M- 60° EB/parallel Diagonal 1724 19.6 1686 17.0 1762 22.3

IP1- 2- WAAM- M- 90° EB/parallel Parallel 1558 8.1 1525 5.8 1591 10.4

IP1- 3- WAAM- M- 0° EB/parallel Parallel 1532 6.3 1506 4.5 1593 10.5

IP1- 4- WAAM- M- 0° EB/parallel Parallel 1346 −6.6 1325 −8.1 1406 −2.4

IP1- 1- SLM- M- 0° EB/parallel Parallel 1744 21.1 1725 19.7 1825 26.6

IP1- 1- SLM- AB- 0° EB/parallel Parallel 1763 22.4 1743 21.0 1844 28.0

IP1- 2- SLM- AB- 0° EB/parallel Parallel 1743 20.9 1705 18.3 1781 23.6

IP1- 2- SLM- AB- 45° EB/parallel Parallel 1788 24.1 1750 21.5 1827 26.8

IP1- 2- SLM- AB- 90° EB/parallel Parallel 1676 16.3 1640 13.8 1712 18.8

IP1- 5- SLM- AB- 0° NST/perpendicular Perpendicular 1331 −7.7 1510 4.8 1591 10.4

IP1- 5- SLM- AB- 45° NST/perpendicular Perpendicular 1272 −11.7 1444 0.2 1519 5.4

IP1- 5- SLM- AB- 90° NST/perpendicular Perpendicular 1224 −15.0 1390 −3.6 1462 1.5

IP2- 1- WAAM- M- 0° BT/perpendicular 

& parallel

Perpendiculara 1333 −7.5 1370 −4.9 1437 −0.3

IP2- 1- WAAM- M- 45° BT/perpendicular 

& parallel

Diagonal 1495 3.7 1516 5.2 1623 12.7

(Continues)
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Predicted crack 

path according 

to EC3- 1- 8

Perpendicular 

path direction Diagonal path direction Parallel path direction

Designation

Failure mode/

crack path Actual crack path

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

IP2- 1- WAAM- M- 60° BT/perpendicular 

& parallel

Diagonala 1356 −5.9 1395 −3.2 1464 1.6

IP2- 1- WAAM- M- 90° BT/perpendicular 

& parallel

Perpendiculara 1287 −10.7 1323 −8.2 1386 −3.8

IP2- 2- WAAM- M- 0° BT/perpendicular 

& parallel

Parallel 1511 4.8 1509 4.7 1613 12.0

IP2- 3- WAAM- M- 0° BT/perpendicular 

& parallel

Parallel 1452 0.7 1452 0.7 1572 9.1

IP2- 3- WAAM- M- 45° EB + BT/

perpendicular 

& parallel

Diagonal 1483 2.9 1483 2.9 1610 11.7

IP2- 3- WAAM- M- 60° BT/perpendicular 

& parallel

Diagonal 1419 −1.5 1419 −1.5 1538 6.7

IP2- 3- WAAM- M- 90° BT/perpendicular 

& parallel

Parallel 1324 −8.1 1324 −8.1 1430 −0.7

IP2- 4- WAAM- M- 0° BT/perpendicular 

& parallel

Parallel 1411 −2.1 1409 −2.2 1529 6.1

IP2- 5- WAAM- M- 0° EB/parallel Parallel 1309 −9.2 1277 −11.4 1328 −7.8

IP2- 7- WAAM- M- 0° BT/perpendicular 

& parallel

Perpendiculara 1575 9.3 1643 14.0 1731 20.2

IP2- 7- SLM- M- 0° BT/perpendicular 

& parallel

Perpendiculara 1588 10.2 1656 14.9 1747 21.2

IP2- 6- SLM- AB- 0° NST/perpendicular Perpendicular 1537 6.6 1707 18.4 1787 24.0

IP2- 6- SLM- AB- 45° NST/perpendicular Perpendicular 1563 8.4 1734 20.4 1814 25.9

IP2- 6- SLM- AB- 90° NST/perpendicular Perpendicular 1514 5.0 1680 16.6 1757 21.9

IP2- 7- SLM- AB- 0° BT/perpendicular 

& parallel

Perpendiculara 1678 16.5 1750 21.5 1845 28.1

aThe visible crack initiation/propagation is between the holes.

TABLE 5    |    (Continued)
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TABLE 6    |    Accuracy of TCD- PM applied to the AM inner plates with thicknesses greater than 2 mm (BT: block tearing; EB: edge bearing; NST: net section tension); the dark gray highlighted values 

indicate the results corresponding to the experimentally observed crack path for each specimen.

Predicted crack 

path according 

to EC3- 1- 8

Perpendicular 

path direction Diagonal path direction Parallel path direction

Designation

Failure mode/

crack path Actual crack path

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

IP1- 1- WAAM- AB- 0° EB/parallel Parallel 1368 −5.1 1345 −6.6 1393 −3.3

IP1- 2- WAAM- AB- 0° EB/parallel Parallel 1299 −9.8 1275 −11.5 1322 −8.3

IP1- 2- WAAM- AB- 45° EB/parallel Diagonal 1354 −6.0 1327 −7.9 1377 −4.4

IP1- 2- WAAM- AB- 60° EB/parallel Diagonal 1255 −12.9 1232 −14.5 1279 −11.2

IP1- 2- WAAM- AB- 90° EB/parallel Parallel 1386 −3.8 1362 −5.5 1411 −2.1

IP1- 3- WAAM- AB- 0° EB/parallel Parallel 1183 −17.9 1157 −19.7 1204 −16.5

IP1- 4- WAAM- AB- 0° EB/parallel Parallel 1011 −29.8 997 −30.8 1039 −27.9

IP1- 5- WAAM- AB- 0° NST/perpendicular Perpendicular 1035 −28.2 1122 −22.1 1159 −19.6

IP1- 5- WAAM- AB- 45° NST/perpendicular Perpendicular 1055 −26.8 1144 −20.6 1178 −18.3

IP1- 5- WAAM- AB- 60° NST/perpendicular Perpendicular 920 −36.1 996 −30.9 1028 −28.7

IP1- 5- WAAM- AB- 90° NST/perpendicular Perpendicular 1033 −28.3 1121 −22.2 1155 −19.8

IP2- 2- WAAM- AB- 0° BT/perpendicular 

& parallel

Perpendiculara 1045 −27.5 1045 −27.5 1072 −25.6

IP2- 3- WAAM- AB- 0° BT/perpendicular 

& parallel

Parallel 951 −34.0 926 −35.7 943 −34.6

IP2- 3- WAAM- AB- 45° BT/perpendicular 

& parallel

Diagonal 994 −31.0 965 −33.0 984 −31.7

IP2- 3- WAAM- AB- 60° BT/perpendicular 

& parallel

Diagonal 957 −33.6 929 −35.5 949 −34.2

IP2- 3- WAAM- AB- 90° BT/perpendicular 

& parallel

Parallel 881 −38.8 856 −40.6 873 −39.4

IP2- 4- WAAM- AB- 0° BT/perpendicular 

& parallel

Parallel 1040 −27.9 1010 −29.9 1032 −28.4

(Continues)
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4.6   |   TCD- PM Assessment of WAAM- AB Inner 
Plates Using �0- L Under the Same AM Conditions

With the decrease in the PM prediction accuracy observed for the 

combined results of both single-  and double- bolt configurations 

of the WAAM- AB plates, a further investigation was carried out 

by exploring an alternative calibration strategy. As shown in 

Table 7, calibrating the �0- L pairing from the WAAM- AB notched 

specimens slightly improved the PM accuracy. The MAE de-

creased to 19.7%, 18.1%, and 15.3% for the perpendicular, diag-

onal, and parallel extraction paths, respectively, meaning that 

the majority of the results from all three directions fall within 

the ±20% interval. However, the double- bolt configurations gen-

erally showed larger errors than the single- bolt plates, indicat-

ing that the joint configuration in WAAM- AB specimens still 

affects the prediction accuracy even after calibration based on 

matching mean thickness. Moreover, the predictions remained 

predominantly nonconservative, with negative accuracy values 

governing the results, although a few cases became slightly con-

servative, reaching up to 4.1%. Despite these complexities, the re-

sults discussed in this section indicate that using a �0–L pairing 

calibrated from notched WAAM- AB specimens yields a modest 

improvement in prediction accuracy.

To account for the limited number of WAAM- AB notched speci-

mens used for calibration, a sensitivity check was also performed 

by varying �0 by ±5% while keeping L unchanged. This analysis 

showed a noticeable shift in the prediction errors, confirming that 

the recalibrated predictions are sensitive to the selected value of 

�0. However, the predictions remained predominantly noncon-

servative, and the overall trend was not removed. Therefore, the 

recalibrated assessment should be interpreted as an indicative 

evaluation of the benefit of using WAAM- AB specific calibration 

parameters, rather than as a statistically robust calibration.

4.7   |   Comparison Between TCD- PM and EC3- 1- 8 
Resistance Predictions

A detailed assessment of resistance predictions according to 

EC3- 1- 8 [32] for the tested hybrid bolted joints was reported in 

a separate study [33], where the relevant resistance equations, 

failure estimations, and comparisons with other design provi-

sions were discussed. Therefore, the present section compares 

the EC3- 1- 8 [32] resistance predictions with the TCD- PM pre-

dictions in terms of failure load. The comparison is based on 

the experimental- to- predicted failure load ratio, where values 

greater than unity indicate conservative predictions and values 

lower than unity indicate nonconservative predictions.

As seen in Figure  14a,b, the TCD- PM predictions, in terms 

of mean load ratios, were close to unity for the CON plates. 

However, except for the perpendicular path in the double- bolt 

configuration, all paths showed nonconservative predictions 

compared with EC3- 1- 8 [32]. Moreover, the TCD- PM predic-

tions had a slightly higher coefficient of variation (COV) for the 

single- bolt configuration but an evidently lower COV for the 

double- bolt configuration.

In contrast, the TCD- PM predictions for the AM plates, 

shown in Figure 14c,d, were generally slightly conservative, 
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TABLE 7    |    Accuracy of TCD- PM applied to the AM inner plates with thicknesses greater than 2 mm using the WAAM- AB calibrated �0–L pairing (BT: block tearing; EB: edge bearing; NST: net section 

tension); the dark gray highlighted values indicate the results corresponding to the experimentally observed crack path for each specimen.

Predicted crack 

path according 

to EC3- 1- 8

Perpendicular 

path direction Diagonal path direction Parallel path direction

Designation

Failure mode/

crack path Actual crack path

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

IP1- 1- WAAM- AB- 0° EB/parallel Parallel 1321 −1.8 1292 −3.9 1354 0.7

IP1- 2- WAAM- AB- 0° EB/parallel Parallel 1255 −6.7 1225 −9.0 1285 −4.5

IP1- 2- WAAM- AB- 45° EB/parallel Diagonal 1307 −2.8 1275 −5.2 1339 −0.5

IP1- 2- WAAM- AB- 60° EB/parallel Diagonal 1212 −9.9 1183 −12.1 1243 −7.6

IP1- 2- WAAM- AB- 90° EB/parallel Parallel 1341 −0.3 1310 −2.6 1374 2.1

IP1- 3- WAAM- AB- 0° EB/parallel Parallel 1142 −15.1 1113 −17.2 1170 −13.0

IP1- 4- WAAM- AB- 0° EB/parallel Parallel 974 −27.6 956 −28.9 1012 −24.8

IP1- 5- WAAM- AB- 0° NST/perpendicular Perpendicular 976 −27.4 1088 −19.1 1135 −15.6

IP1- 5- WAAM- AB- 45° NST/perpendicular Perpendicular 993 −26.2 1111 −17.4 1157 −13.9

IP1- 5- WAAM- AB- 60° NST/perpendicular Perpendicular 867 −35.5 970 −27.9 1010 −24.9

IP1- 5- WAAM- AB- 90° NST/perpendicular Perpendicular 973 −27.7 1091 −18.9 1136 −15.6

IP2- 2- WAAM- AB- 0° BT/perpendicular 

& parallel

Perpendiculara 1005 −25.3 1007 −25.2 1043 −22.5

IP2- 3- WAAM- AB- 0° BT/perpendicular 

& parallel

Parallel 925 −31.2 892 −33.7 914 −32.0

IP2- 3- WAAM- AB- 45° BT/perpendicular 

& parallel

Diagonal 965 −28.2 930 −30.9 955 −29.0

IP2- 3- WAAM- AB- 60° BT/perpendicular 

& parallel

Diagonal 930 −30.8 895 −33.5 918 −31.7

(Continues)
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Predicted crack 

path according 

to EC3- 1- 8

Perpendicular 

path direction Diagonal path direction Parallel path direction

Designation

Failure mode/

crack path Actual crack path

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

Effective 

stress, �eff 

(MPa)

Relative 

prediction 

error, %

IP2- 3- WAAM- AB- 90° BT/perpendicular 

& parallel

Parallel 858 −36.2 826 −38.6 846 −37.1

IP2- 4- WAAM- AB- 0° BT/perpendicular 

& parallel

Parallel 1009 −25.0 973 −27.7 1000 −25.7

IP2- 5- WAAM- AB- 0° BT/perpendicular 

& parallel

Parallel 944 −29.8 916 −31.9 943 −29.9

IP2- 6- WAAM- AB- 0° NST/perpendicular Perpendicular 1234 −8.3 1352 0.5 1400 4.1

IP2- 6- WAAM- AB- 45° NST/perpendicular Perpendicular 1185 −11.9 1298 −3.5 1345 0

IP2- 6- WAAM- AB- 60° NST/perpendicular Perpendicular 1095 −18.6 1203 −10.6 1247 −7.3

IP2- 6- WAAM- AB- 90° NST/perpendicular Perpendicular 1164 −13.5 1271 −5.5 1316 −2.2

IP2- 7- WAAM- AB- 0° BT/perpendicular 

& parallel

Perpendicular 1164 −13.5 1177 −12.5 1236 −8.1

aThe visible crack initiation/propagation is between the holes.

TABLE 7    |    (Continued)
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with mean ratios mostly higher than unity for the single- bolt 

AM plates and between 1.06 and 1.12 for the double- bolt AM 

plates. However, the TCD- PM results showed greater scatter, 

especially for the perpendicular path in the single- bolt con-

figuration, reflecting the sensitivity of the method to the se-

lected extraction path and to local material and geometrical 

variability. Overall, EC3- 1- 8 [32] provides a conservative de-

sign baseline, whereas TCD- PM gives closer mean failure load 

predictions.

5   |   Concluding Remarks

Based on the static tests, linear elastic FE models, and the PM 

analysis, it can be concluded that

1. Linear elastic FE models of the conventional and additively 

manufactured notched specimens and bolted joints cap-

tured the stress fields required for the TCD assessments. 

The predictions were also insensitive to reasonable varia-

tions in mesh density and friction.

2. Applying the PM, when calibrated using the conventional 

notched plates, provided broadly acceptable predictions for 

additively manufactured inner plates of matched thickness.

3. For the as- built WAAM inner plates with mean thicknesses 

greater than 2 mm, using the calibration obtained from the 

conventional notched plates led to a clear reduction in ac-

curacy and nonconservative predictions for all specimens. 

This confirms that the PM formulation is sensitive to the 

values of the calibration material properties being used.

4. Recalibrating the material parameters using as- built 

WAAM notched specimens improved the predictions for 

the as- built WAAM inner plates and moved the overall 

MAE across all stress–distance paths back within an ac-

ceptable error range, although a nonconservative tendency 

remained.

5. Double- bolt configuration as- built WAAM inner plates 

showed larger errors than the single- bolt specimens even 

after the recalibration process, indicating that joint config-

uration influences prediction accuracy.

FIGURE 14    |    Comparison between EC3- 1- 8 [32] and TCD- PM failure load predictions using different stress extraction paths against experimental 

failure loads: mean experimental- to- predicted load ratios and COV of CON plates in (a) single-  and (b) double- bolt configurations and AM plates in 

(c) single-  and (d) double- bolt configurations.
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6. The most accurate stress extraction path varied between 

specimen groups, with no single path giving both the lowest 

error and consistently conservative predictions. Therefore, 

when the actual cracking behavior is not known, the path 

providing the most conservative results should be adopted.

7. Compared with EC3- 1- 8 [32], the PM gave mean ratios 

closer to unity but was generally less conservative and sen-

sitive to the selected extraction path.
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